We present results from a wide-area photometric survey of the Phoenix dwarf galaxy, one of the rare dwarf irregular/ dwarf spheroidal transition type galaxies (dTs) of the Local Group (LG). These objects offer the opportunity to study the existence of possible evolutionary links between the late-and early-type LG dwarf galaxies, since the properties of dTs suggest that they may be dwarf irregulars in the process of transforming into dwarf spheroidals.
INTRODUCTION
Dwarf galaxies are the most common type of galaxies in the nearby universe (see e.g. Karachentsev et al. 2004) , and are expected to be among the first systems to form in the cosmological context. At larger redshifts galaxies such as those typically seen in the Local Group (LG) cannot be observed. Therefore detailed observations of current properties of LG galaxies offer the opportunity to gain insight into the earliest stages of galaxy formation in the most numerous type of galaxies in the Universe.
LG dwarf galaxies are classified in two main categories: the late-type objects, containing gas and currently forming stars, often have irregular appearance in the optical and therefore are called dwarf irregulars (dIrr), while the earlytype dwarf spheroidals (dSph) -devoid of neutral gas -show a more regular morphology and no current star formation (e.g. Mateo 1998 ). Dwarf galaxies with intermediate properties -such as no current star formation but containing gas -are called transition types (dTs) .
An open question is whether the various types of dwarf galaxies in the LG are intrinsically different objects, or whether they descend from the same progenitors and have evolved through different paths because of environmental and/or internal processes.
The continuum of properties shown by the various types of LG dwarf galaxies (Tolstoy et al. 2009 ), which makes their classification sometimes uncertain, seems to argue in favour of an evolutionary link. For example, PegDIG is the most luminous of the few LG transition type dwarfs (Phoenix, LGS3, DDO210, Leo T, VV 124) and, because of this, it is sometimes considered as a dIrr. For Fornax, which has formed stars until very recently (50-100 Myr ago Coleman & de Jong 2008) but is now devoid of gas, its classification as a dSph seems to be merely the result of the particular moment in time in which we are observing this galaxy: if we had been able to observe Fornax a few hundreds Myr ago, while still forming stars, we would have classified it as a dT or even as a dIrr.
Another hint to a possible evolutionary link is the existence of a "morphology-density" relation: dIrrs are found at relatively large distances from the large LG spirals (i.e. > 300 kpc from the Milky Way and M31), while the great majority of early type dwarf galaxies are satellites of the Milky Way or M31, being located at < 300 kpc from them. This already suggests that the interaction with the large spirals (hereafter referred to as "environment") must have played a role in determining the different evolutionary paths of late and early type dwarfs. Models based on N-body simulations do show that such interactions are a viable explanation to the observed "morphology-density" relation (e.g. Mayer et al. 2006; Kazantzidis et al. 2011) . However, the presence of dSphs (e.g. Cetus and Tucana) and dTs (e.g. Aquarius) at distances such that any strong interaction with either the MW or M31 can be excluded indicates that the environment cannot be the only factor at play but that also internal factors (e.g. the depth of the potential well of the single objects) might play a role.
The lack of knowledge about the detailed properties of dIrrs and dTs hinders the exploration of a possible common origin of LG dwarfs, and what might have caused a different evolutionary path.
At a distance of 415 kpc (Hidalgo et al. 2009, hereafter H09) , Phoenix is the closest transition type dwarf, but even basic properties such as its extent are rather uncertain. For example, van Irwin & Tolstoy (2002) derived a velocity of −13 ± 9 km s −1 , while Gallart et al. (2001) measured a velocity of −52±6 km s −1 . Both studies though consider likely an association between Phoenix and the cloud of H I gas found around the galaxy at heliocentric velocity between −30 and −14 km s −1 (Young et al. 2007 ). The star formation history (SFH) of Phoenix has instead been extensively studied (see van de Rydt et al. 1991; Held et al. 1999; Martínez-Delgado et al. 1999; Holtzman et al. 2000; Gallart et al. 2004; Menzies et al. 2008; Hidalgo et al. 2009 ). The co-existence of classical Cepheids and anomalous Cepheids and RR Lyrae variables in this system argues for an extended and complex star formation history (Gallart et al. 2004) . Phoenix has a similar luminosity to the Sculptor dSph (LV = 0.9 × 10 6 L⊙ and LV = 2.15 × 10 6 L⊙, respectively; Mateo 1998), and like Sculptor it formed most of its stars more than 10 Gyr ago (H09). However, unlike Sculptor or the majority of other dSphs it does show recent star formation (MD99), possibly with stars as young as 100 Myr, and there is HI gas associated with the system (Gallart et al. 2001) . This means that, unlike the similarly luminous Sculptor, this system was able to retain its gas for the whole of its lifetime, be it because of a larger potential well and/or a less harsh environment, with less stripping and a larger possibility of gas infall with respect to a satellite of the MW.
The most recent study of Phoenix SFH (H09) is based on two HST pointings that, even if covering a small fraction of the galaxy, reach out to about 4 ′ from the center, giving a view of how the SFH changed across the object. The central regions contain stars over a range of ages (from 100 Myr to the oldest stars), while already at 450pc from the center 95% of the stars are more than 8 Gyr old. These properties appear to be consistent with the star formation region slowly shrinking with time (H09).
In this paper we investigate the global properties of Phoenix based on wide-area imaging data collected at the ESO VLT with FORS. The observations cover a large region, 26 ′ ×26 ′ , and reach below the horizontal branch of the galaxy, containing stars in evolutionary stages representative of the whole age range displayed by Phoenix. This allows us not only to explore the overall structure of the galaxy but also to directly derive the spatial distribution of stars in different age ranges. The paper is organised as follows: in Sect. 2 we present the observations and the data reduction procedure adopted; in Sect. 3 we analyze the overall structure of the galaxy; in Sect. 4 we use the tip of the RGB to derive an estimate of the distance modulus to Phoenix; Sect. 5 deals with the stellar population mix and its spatial variations; we conclude with a discussion in Sect. 6 and a summary of the results in Sect. 7.
In a subsequent paper we will complement this photometric study with CaT spectroscopy to investigate the metallicity and stellar population gradients in this galaxy.
OBSERVATIONS AND DATA REDUCTION
The observations were carried out between June 20 and August 20, 2009, in service mode with the ESO VLT instrument FORS2 at UT1 (Antu). FORS2 is a focal re- Table 1 . The various rows are from top to bottom: coordinates of the optical centre; position angle P.A., defined as the angle between the north direction and the major axis of the galaxy measured counter-clockwise; ellipticity, defined as e = 1 − b/a; King core and tidal radius; half-light radius, defined as R 1/2 ∼ 1.68 × Re, where Re = 1.37±0.01 ′ is the exponential radius; distance modulus and heliocentric distance; luminosity in V-band; V magnitude of the horizontal branch; reddening; extinction in V and I band. The last row quotes the conversion factor from arcmin to kpc at the distance of Phoenix. The P.A. and ellipticity refer to the outer population, aligned north-south. References: 1 = Mateo (1998); 2 = this work; 3 = Holtzman et al. (2000) ; 4 = Schlegel et al. (1998) , http://irsa.ipac.caltech.edu/applications/DUST/, average value over 2 degrees. The A V value assumes A V /E(B-V) =3.1; A I was derived using the ratio A I /A V = 0.479 from Cardelli et al. (1989) ; note that previous works such as H09 assume larger values of the reddening, 0.02. (1999) , and where most of the young stars are found. The outer ellipses indicate two measurements for the extent of Phoenix: the dotted one (with parameters e = 0.3, P.A.= 5 • and semi-major axis = 15.8 ′ ) shows the nominal tidal radius from the study of Martínez-Delgado et al. (1999) , and the dashed one (with parameters e = 0.3, P.A.= 5 • and semi-major axis = 8.7 ′ ) where the exponential fit to the surface brightness profile approaches zero from van de Rydt et al.
.
ducer multi mode instrument that can be used for optical imaging, polarimetry, longslit and multi-object spectroscopy (Appenzeller & Rupprecht 1992) . It has field of view of 6. ′ 8 × 6.
′ 8 with pixel size 0. ′′ 25. The detectors are two 2k × 4k MIT CCDs (hereafter referred to as C1 and C2). We used FORS2 in imaging mode to make a mosaic of 4×4 fields covering an area of approximately 26 ′ × 26 ′ centered on the coordinates of the optical centre of Phoenix (see Table 1 for the galaxy parameters). One additional field was observed at a displaced location from the galaxy as a check on the determination of the foreground/background density (see Fig. 1 ). For each pointing we took 3 dithered exposures of 120s each in vHIGH 1 and 5 dithered exposures of 90s each in IBess filter (in the subsequent text for brevity we denote filters as V instead of vHIGH and I instead of IBess). The offset sizes between the exposures were such that we covered the gaps between the two detectors. Table 2 lists the observation log of all scientific fields.
As a part of the standard calibration plan for FORS2, observations of standard star fields in these filters were also carried out by ESO service mode observers. The log of all standard star observations is in Table 3 .
The basic data reduction steps, consisting of bias subtraction and division by the normalized twilight flat field exposure, were performed with the ESO FORS imaging pipeline.
For each pointing such pre-reduced images were first aligned to the coordinates of one of the individual exposures, which was acting as the reference image. The regions of the CCD that had no data were masked out -in particular the so-called slave CCD (bottom CCD) has a large area that gets no light -and the aligned images were then median combined using IRAF task imcombine. The image quality was measured on combined images and the FWHM values are given in Table 2 . We checked that the FWHM measured on the combined images was similar to those in the individual exposures. Since the internal regions of Phoenix are relatively crowded, we decided to perform PSF fitting photometry on all of our pointings to get uniform photometry over the whole area. This was done using the standalone version of the DAOPHOT II package (Stetson 1987) .
The routines FIND + PHOTOMETRY + PICK + PSF + ALLSTAR were run separately for each photometric band and for the two FORS CCD chips, accounting for the slightly different read-out noise of the CCD chips.
Default parameters were used for the FIND routine to deal with the rejection of bad pixels and elongated objects along the direction of rows and columns. First, objects were located by imposing a 3σ and 4σ threshold above the background on the individual images for the V and I band, respectively. This threshold value was chosen after inspecting the number of detected objects as a function of threshold parameter, and selecting the value corresponding to the "knee" where the number of detected objects is changing rapidly with small changes in σ for threshold.
The choice of the PSF stars was done interactively for each field, separately for each filter and each CCD. First the routine PICK was run to automatically select a sample of unsaturated, relatively isolated stars per frame; a PSF was then created, and an image containing the residuals using ALLSTAR. All the PSF stars were then visually examined both on the original image and on the image with subtracted stars. Galaxies, blends or stars with close companions were manually removed from the sample, and the PSF re-determined using this subsample of stars. The procedure was repeated until the only remaining stars to be used for the PSF determination were non-saturated and relatively isolated stars. Typically, between 15 and 30 such stars per frame were used to determine the PSF. We used the option for a spatially non variable PSF, after testing that no significant differences were introduced by allowing for a spatially variable PSF. The analytical first approximation used as model for the PSF was a Moffat function.
The above procedure, except the creation of the PSFs, was then re-run on the residual images, in order to extract stars that were not previously found due to the wings of brighter stars. We checked that this procedure was not fitting noise by overplotting the position of these fainter stars on top of the image of residuals. Finally, DAOMATCH and DAOMASTER were used to combine V and I ALLSTAR PSF fitting photometry of each pointing -separately for the 2 CCD chips. Only objects detected in both bands and with magnitude errors < 0.5 mag were retained.
Aperture corrections were computed for each field, chip and filter separately using aperture photometry and a curveof-growth method on a set of well exposed and isolated PSF stars.
Astrometry and Photometric calibration
The J2000 celestial coordinates of the detected objects were derived with CataXcorr 2 . The astrometric solution was found by fitting typically a polynomial of third degree between at least 46 stars per ponting and the reference catalogue (USNOA2 and GSC2). The average r.m.s. of the solution was 0.2 ′′ in both RA and DEC. Given that the standard fields used are not crowded, we performed aperture photometry rather than PSF photometry. We located only luminous standard stars, by adopting a threshold of 15σ above the background on the individual images 3 . The aperture at which to calculate the instrumental magnitude was derived by examining the run of the magnitude as a function of aperture size for those bright stars that are neither saturated, nor close to the border of the image, and for which the curve of growth reaches a constant value.
In general an aperture of 25 pixels radius was found to include all the stars' flux for most of the fields of standard stars. However, this aperture radius was too large for a relatively crowded field such as E7; furthermore only a handful of stars passed the above criteria for fields E5 and PG0231: in these three cases we therefore used a smaller aperture radius and derived the aperture correction choosing appropriate isolated stars manually. Applying the above described procedure, we extracted 13 standard stars for the night of June 21 (9 chip1 + 4 chip2); 91 (61 + 30), 58 (36+22), 19 (11+8), 28 (19+9) for July 24,27,28,29 respectively; 22 (12+10) for August 20.
We note that the data available for the standard stars are not sufficient to fit simultaneously the zero point, the extinction coefficient and the color term for each band, night and chip separately. We therefore follow an iterative approach (Jerjen & Rejkuba 2001 ), which we apply to the two CCD chips separately.
For each band, we use the equation
where minstr and M are the instrumental and calibrated magnitude, Xm the airmass of the pointing, Zm the zero point, km the extinction coefficient and cm the color term. The calibrated photometry for the standard stars was extracted from the online catalogues of Stetson (2000) 4 . On a first pass, we derive the zero point and extinction coefficient for each night separately by fitting the instrumental magnitudes and keeping the colour term fixed to zero. The derived coefficients are then applied to the calibrated magnitudes of the respective nights, obtaining mstep1 = M + Z m,fit + k m,fit × Xm; the data of all the nights are then joined together to increase the statistics, and a color term is fitted to minstr − mstep1 = c m,f it × (V − I) + const. The fitting procedure of the zero point and extinction term night by night is then repeated, this time by keeping the color term fixed to c m,f it . Any additional dependency on the color has been added to the color term.
The average color term in V-band is -0.063±0.012 for C1 and -0.053±0.006 for C2, and is consistent with zero for the I-band, 0.010±0.006 for C1 and 0.001±0.01 for C2. This compares well with the color terms available on the ESO quality control webpages for P83 5 , when available for the color used here. The average extinction term in V-band is 0.141±0.015 for C1 and 0.134±0.008 for C2, while in I-band it is 0.055±0.011 for C1 and 0.039±0.010 for C2; the determinations for the two chips are consistent with each others within 1σ. The nightly zero points are listed in Table 4 . The calibrated magnitudes for the science targets were finally derived by iteratively applying the calibration transformations to the instrumental magnitudes, to which aperture corrections had been previously applied. The errors on the derived aperture corrections and coefficients of the calibration transformation are included in the error on the calibrated magnitudes.
We used the region of overlap between adjacent fields to place our photometry on a common photometric scale: for this we applied the magnitude shifts derived by comparing the magnitudes of objects in the overlap regions to the various pointings and tied all of them to the system of pointing 06. The applied shifts were typically < ±0.1mag; in part the magnitude shifts applied are the consequence of the errors in the calibration of the standard fields, but mostly they arise from the imperfect flat-fielding due to sky concentration in FORS (Freudling et al. 2007) 6 . The errors in the determinations of the magnitude shifts were propagated onto the magnitude errors of the individual objects. Obviously pointing 17, which has no overlap with the main mosaic region, could not be placed on the same photometric system. Since however we use this pointing only for checks on the determination of the foreground/background density, this will not affect our analysis.
The final step is to merge the catalogues for the various pointings in one catalogue containing a unique set of objects. This is done by performing weighted averages on the observed quantities for stars with multiple measurements.
At this stage we also evaluate which objects we consider as "stars" on the basis of their PSF fitting shape parameters and errors in magnitudes. Figure 2 shows the run of the DAOPHOT photometric parameters "sharpness" and "chi", as well as the overall magnitude error as a function of the calibrated magnitudes for the sample of unique (combined) measurements. We exclude a priori those objects with relatively large magnitude errors, i.e. σV > 0.3 mag and σI > 0.4 mag. We then examine the distribution of sharpness versus magnitude for this sub-sample of stars, deriving its scatter per bin of magnitudes. Given the asymmetric distribution around null values of the sharpness parameter, we retain as bona-fide stars those objects that fall within the region defined by the exponential envelopes fitted to +3× and −2× the scatter 7 . The catalogue of bona-fide stars consists of 19286 stars including the control field and 18919 in the main mosaic area (see Table 5 ).
Treating photon counts of each star as a Poisson variable, a S/N=10 would correspond to an error of magnitude of ∼0.1mag, and a S/N =5 to ∼0.2mag. This would imply photcoeffs fors2.html; note that, as stated on this webpage, the errors on the tabulated quantities are underestimated. 6 Although the report from Freudling et al. described in detail the photometric accuracy of FORS1, it is expected that FORS2 flat-fields present similar effects as the two cameras have the same optics and differ only in the detector type 7 The scatter is derived in an iterative manner and it is the scaled median absolute deviation (m.a.d.) of the sharpness per magnitude bin of 0.5mag. The top and central panels show the sharpness and χ parameters, respectively, from DAOPHOT. The bottom panels show the photometric errors. Beside the magnitude errors output from DAOPHOT, these errors factor in the uncertainties from PSF correction, photometric calibration and the shifts applied to the individual magnitues so as to bring all the photometry to the system of pointing 6. The black points show only those sources which we consider as "stars" on the basis of their sharpness parameter, and that have σ V < 0.3 mag and Table 5 . Catalogue of bona-fide stars from FORS photometry of the Phoenix dT, including pointing 17. The columns list the name of the star (1), RA (2) and DEC (3) in degrees, V magnitude (4), error in V magnitude (5), I magnitude (6), error in I magnitude (7), χ (8) and sharpness (9) parameters (8). This is a sample of the table; the complete version will be published online. Here we plot only the stars that passed the selection criteria in sharpness and photometric errors (see Fig. 2 ). The scaled median absolute deviation at the bright end side of the distribution is 0.054 mag for the V-band (19 < V < 21) and 0.065 mag for the I-band (18 < I < 20), corresponding to an error in the individual measurement of 0.038 mag and 0.046 mag. At the faint end side these numbers are 0.14 and 0.13 (24 < V < 25 and 23 < I < 24, respectively), corresponding to error in the individual measurement of 0.1 and 0.09 mag. At the bright end the photometric errors are 0.033 and 0.035 for V and I band, respectively, and at the faint end they are 0.076 and 0.069 at the faint end. Therefore, the magnitude differences from stars with multiple measurements are inflated by an extra 0.01 and 0.03 mag, and at the faint end by 0.06 and 0.06 mag.
for this data-set a S/N=10 at the magnitude V10 ∼ 24.8, I10 ∼ 23.6, correspondig to 11737 stars in the main mosaic area. The magnitude limits at S/N =5 are V5 ∼ 25.4, I5 ∼ 24.0. Here we have quoted the shallowest of the values among all fields and chips. The number of stars in the main mosaic area above the S/N=5 and S/N=10 magnitude limits is 15238 and 11737, respectively. Figure 3 shows the magnitude differences of the bonafide stars with double measurements. These differences will be used to estimate the typical magnitude and color error in various magnitude bins (see Sect. 5.1); in these values are therefore included internal photometric errors, errors from aperture corrections, errors due to the photometric calibration applied to different pointings, and effects of crowding (including possible mismatches of stars in the most crowded, inner regions).
In order to understand in more detail the role of crowding in the error budget and on the completeness limit from the inner to the outer parts, we also perform artificial star tests on pointing 06. This is representative of the four central, most crowded pointings (see Fig. 1 ). Since the FORS f.o.v. is 6.8 ′ × 6.8 ′ , one single pointing already extents from the center of Phoenix to about half nominal tidal radius (VDK91, MD99).
We add artificial stars to the combined V and I images for C1 and C2 separately, using the PSF-model derived for pointing 06. The coordinates and magnitudes are randomly chosen from a uniform distribution, and cover the whole extent of the pointing and instrumental magnitudes of stars in Phoenix (corresponding to calibrated magnitude in the ranges V [20, 27] and I [18.5,26.5]). We inject 200 artificial stars per band per chip (about 5-10% of the observed number of stars in these chips), and repeat the experiment 5 times. Finally we apply the same reduction and selection procedure that we used to produce the final catalogue of stars. We find that crowding does not significantly affect the 50% completeness limit (i.e. the magnitude at which the fraction of recovered versus injected number of stars is 0.5): in I band this is found to be constant around I ∼23.5-23.8 over the explored range of R, while in V is V ∼24.2 in the inner 1.5 ′ , and at larger R it remains constant at V ∼25. These values are very similar to the S/N= 10 limits quoted above.
The difference of recovered and input magnitudes of the artificial stars as a function of recovered magnitude is fairly symmetric around zero, showing that -except for a handful of stars -blending is not affecting the recovered magnitudes. The scaled m.a.d. between the difference of input and recovered calibrated magnitude is smaller than those determined using the stars from double measurements, e.g. in the most crowded region is 0.07 mag for V between 24,25 and 0.09 mag for V between 23,24. The errors from Fig. 3 , which we use throughtout the analysis, can then be considered as conservative.
THE OVERALL STRUCTURE OF PHOENIX

2D distribution
When analyzing the 2D distribution of stars in Phoenix, MD99 found a sharp variation in the trend of the ellipticity (e = 1 − b/a, where b and a are the minor and major axes of the ellipse) and position angle (P.A.) of the isophleths with radius, with e changing from 0.4 to 0.3 and the P.A. from 95
• to 5
• around 115 ′′ . The authors noted that the majority of young stars were contained in the flattened central "component" tilted with respect to the main body of the galaxy and the authors proposed this may be a disk-halo structure, as for large spiral galaxies. We construct Hess diagrams of the spatial distribution of Phoenix stars, using the sample at S/N > 5 and 10 (brighter than V5 ∼ 25.4, I5 ∼ 24.0, and than V10 ∼ 24.8, I10 ∼ 23.6, respectively), in bins of 0.3 ′ . Since in some parts there appear to be voids or enhancements in the stellar number counts with respect to the surroundings, e.g. in the overlap region between pointings, we prefer not to smooth the spatial distribution because this may enhance such features. Figure 4 shows the resulting distribution for the S/N>10 sample: it is clearly visible that the inner parts display a different distribution than the outer parts, being almost perpendicular to each other. We run the IRAF task ELLIPSE on the above Hess diagrams, letting the center, e and P.A. of the isophotes at different radii as free parameters. The results are shown in Fig. 5 for the S/N>10 sample: within a radius of 1 and 2 arcmin, the center appears to be located about 0.6 -0.2 arcmin east and 0.1 arcmin south from the value listed in Mateo (1998) ; the ellipticity decreases from a value of 0.44±0.05 at 1 ′ to 0.1 at about 3 ′ , to increase again, with an average value of 0.28±0.03 at R 4.5 ′ ; the P.A. varies from about 80
• within 2 ′ and decreases reaching an average value of 8
• ± 4
• at R 4.5 ′ . These results are very similar to those resulting from the S/N> 5 sample. They are also in good agreement with those of MD99, even though their results on the 2D distribution may have been more affected by crowding because of the larger seeing of the observations. We discuss the possibility of this being a disk-halo structure in Sect. 5.
The intermediate values of ellipticity and P.A. that can be seen around 2 ′ are probably due to the super-position of the inner and outer component.
Surface number density profile
There have been previous determinations of the surface number density profile of Phoenix, with results rather different from each others: VDK91 used a scanned ESO/SRC IIIaL plate and found that the surface brightness profile is not well fit by a King profile but decreses exponentially reaching the zero level at 8.7
′ from the center; on the other hand, MD99 find that the profile can be well fit by a King profile, and determine a nominal tidal radius of rt = 15.8
We derive the surface number density profile of the overall stellar population of Phoenix using both the data-sets with S/N> 5 and 10. We sample the number counts in elliptical bins 8 . For the values of ellipticity of the elliptical bins we adopt the values for the outer components of MD99, i.e. e = 0.3 and P.A.= 5
• , given the good agreement between our results and those of MD99, and the fact that MD99 derived those parameters from a single plate rather than a mosaic of images.
Given the discrepant measurements of the extent of Phoenix in the literature, we decided to estimate empirically the density of contaminant objects (MW foreground stars and unresolved galaxies), rather than relying on uncertain selection of a region supposedly free of Phoenix stars. The following two approaches were adopted: a) we compute 8 Throughout the manuscript the projected elliptical radius of a point (x, y) is defined as R = x 2 + y 2 /(1 − e) 2 , where e is the considered ellipticity, and the galaxy is assumed to be centred on the origin, with its major axis aligned with the x-axis. Figure 6 . The surface number density profile for the Phoenix dwarf galaxy with overlaid best-fitting King, Sersic, exponential and Plummer models (solid, dashed, dotted, dash-dot lines, respectively). The density of contaminants, 5.52 ± 0.19 stars arcmin −2 calculated from a weighted average of the outer 3 ′ , has been subtracted from each point. The error bars are obtained by summing in quadrature the errors from Poisson statistics and the error in contamination. The central point was excluded from the fit. Our best fit to the data is a Sersic profile with Sersic radius, R S = 1.82 ′ ± 0.06 ′ and m= 0.83±0.03 with a reduced χ 2 = 1.8; a King profile with core radius rc = 1.79 ′ ± 0.04 ′ and tidal radius rt = 10.56 ′ ± 0.15 ′ gives a reduced χ 2 = 3.5;. The best-fitting parameters for the different models are summarized in Table 7 . . the number density profile in elliptical annuli whose semimajor axis is 13 ′ , i.e. the whole ellipse is contained in our main mosaic area; we analyze the outer parts of the profile, and adopt as density of contaminants a weighted average of the outer points, where the profile becomes approximately flat; in this case this is the outermost 3
′ ; b) we analyze the number density profile along the projected minor axis of the galaxy; this is because in that direction our mosaic covers a region corresponding to rather large elliptical radii, 18.6 ′ , i.e. a region beyond the largest literature measurement of the nominal tidal radius of the galaxy (15.8 ′ , MD99); along this axis, we find that the profile flattens at ∼8.8 ′ , corresponding to an elliptical radius of 12.6 ′ ; we therefore expect the great majority of the objects found at elliptical radii larger than 12.6 ′ to be composed by contaminants; we use then the objects located at elliptical radius >12.6
′ to determine the density of contaminants. The values we obtain with the two methods are consistent with each other (see Table 6 ). As a consistency check we compare these determinations to the ones derived from pointing 17 (see Table 6 ), i.e. the pointing displaced from the rest of the mosaic area, and also find good agreement; however, given the small area covered by pointing 17, we will be using the other two methods in the following analysis.
We subtract the density of contaminants derived from methods a) and b) from the number density profile of Phoenix sampled in bins of 0.5 ′ and we fit this contamination-subtracted profile to several surface brightness models using a least-square fit to the data. We used an empirical King profile (King 1962) , an exponential profile, a Sersic profile (Sersic 1968 ) and a Plummer model (Plummer 1911 ). (N − ν) , where N is the number of points in the surface number count profile and ν the number of degrees of freedom. The errors in the parameters are from Montecarlo simulations but agree well with the formal errors from the fitting procedure. These values of the parameters were derived by using the density of contaminants from the weighted average of the last points of the surface number profile. The best-fitting profiles have good values of the reduced χ 2 .
King
Sersic Exponential Plummer The King model has been extensively used to describe the surface density profile of dSphs.
It is defined by 3 parameters: a characteristic surface density, I0,K, core radius, rc and tidal truncation radius, rt. We note that excesses of stars have been found beyond the King tidal radius in Fornax (e.g. Battaglia et al. 2006) , Sculptor (e.g. Battaglia et al. 2008) and in a number of other LG dSphs, e.g. Carina (Majewski et al. 2005) , Draco (e.g. Wilkinson et al. 2004 ), Ursa Minor (e.g. Irwin & Hatzidimitriou 1995; Martínez-Delgado et al. 2001) . Since the tidal radius is set by the tidal field of the host galaxy, the observed excesses of stars have been interpreted as tidally stripped stars. However, if dwarf galaxies are embedded in massive dark matter haloes, this tidal radius loses its meaning of tidal truncation radius (we will therefore refer to it as "nominal tidal radius") and such excesses of stars need not be tidally stripped stars but can simply due to the King model not providing the best representation of the surface number count profiles of dSphs at large radii.
The Sersic profile is known to provide a good empirical formula to fit the projected light distribution of elliptical galaxies and the bulges of spiral galaxies (e.g. Caon et al. 1993; Caldwell 1999; Graham & Guzmán 2003; Trujillo et al. 2004 ) and also provides a good representation of the number surface density of some dSphs (e.g. Battaglia et al. 2006 Battaglia et al. , 2008 :
where I0,S is a scale surface density, RS is a scale radius and m is the surface density profile shape parameter. We find that the best-fitting parameters are very similar when using the contaminant density derived from either method a) or b). In the following we will adopt method a) because the fits to the surface brightness profile produce slightly better χ 2 values; method a) will be replaced by method b) only when analyzing the young main sequence stars because of their asymmetric distribution (see Sect. 5.2).
The results of the fit for the S/N>10 sample are shown in Fig. 6 and summarized in Table 7 . In our analysis, the Sersic profile is the one that fits the data best, yielding a reduced χ 2 = 1.8 for a scale radius RS = 1.82 ′ ± 0.06 ′ and m = 0.83 ± 0.03. An exponential profile with exponential radius 1.37 ′ ±0.01 ′ (reduced χ 2 = 3.2) and a King profile with core radius rc = 1.79 ′ ± 0.04 ′ , tidal radius rt = 10.56 ′ ± 0.15 ′ (reduced χ 2 = 3.5) also reproduce the data rather well; the Plummer profile instead clearly overpredicts the surface number density at R 7 ′ . The results from the S/N>5 sample are very similar, both in terms of shape parameters and best-fitting profiles. Because of the intrinsic uncertainty in determination of crowding corrections and because we are mostly interested in the large scale properties of Phoenix, we are not applying a crowding correction factor. Instead, we have performed the fit excluding the central point of the surface number count profile. It was anyway shown in Sect. 2.1 that the effects of crowding are not significant. This is confirmed by the results of the fit to the surface number count profile derived from the sample of stars brighter than the 50% completeness limit at R <1.5 ′ : the best-fitting parameters are in very good agreement with those derived from the sample S/N>10, and they yield very similar χ 2 values.
In order to assess whether Sersic and King profiles perform better because of one more free parameter when compared to exponential an Plummer profiles, we check how the performance of the best-fitting profiles would be ranked using the Akaike information criterion (Akaike 1973 ) in the form χ 2 + 2 × k, where k is the number of free parameters in the fit: the ranking of the best-fitting profiles remains the same as according to the reduced χ 2 values, therefore hereafter we consider only the reduced χ 2 values. Our determination of the tidal radius rt = 10.56 ′ ± 0.15 ′ is smaller than the one from MD99, rt = 15.8
arcmin; note that the value from MD99 was derived using the surface number density between projected radii of approximately 2 ′ and 5 ′ , and extrapolating the behaviour at larger distances, while our determinations comes from a much wider area.
Since the outer parts of the object are almost equally well fit by a range of profiles, continuous and truncated, it is therefore difficult to establish whether Phoenix was tidally truncated by the Milky Way or not.
In the following we will use the King tidal radius we obtained as an indication of the extent of Phoenix, and we will refer to it as the "nominal" tidal radius as it is unclear whether this is the radius of tidal truncation of the galaxy.
TIP OF THE RGB
We derive the tip of the RGB of Phoenix in I , IRGBT, and compare it to the determinations from previous works. In addition to providing an independent distance determination, this also offers a possibility to check our photometric calibration.
For this, we convolve the luminosity function (LF) in the I band for stars with 18 < I < 21 with a Sobel edgedetection kernel [-2,0,2] (Lee et al. 1993) , which gives a maximum where the discontinuity in the luminosity function is greatest (see Fig. 7, left) .
In order to factor in the uncertainties due to the binning of the LF, we perform the determination over 100 random realizations of the luminosity range used for the calculation -that is, we allow the brightest end of the range to vary between I 18 and 19, and the faintest end between 21 and 22. For each of these random realizations, we perform the convolution using bin sizes decreasing from 0.15 mag to 0.05 mag with step of 0.01 mag. Since there are several discontinuities in the LF due to various features in the colour-magnitude diagram (see below), we restrict our search for the maximum to the region 18 < I < 20; this choice comes from an educated guess from a visual inspection of the CMD, and from literature values of IRGBT.
We find IRGBT = 19.08 ± 0.06, where the error is the scaled m.a.d. of the distribution of values. This agrees with previous measurements such as those by H09, who find IRGBT = 19.14 ± 0.02, and MD99 IRGBT = 19.00 ± 0.07 mag. These authors use a slightly different version of the Sobel filter, i.e. with a kernel [1,2,0,-2,-1], but we checked that the use of this kernel makes no difference to our determination.
We adopt a reddening value E(B-V)= 0.016 (see Table 1), derived from the reddening maps of our Galaxy available at http://irsa.ipac.caltech.edu/applications/DUST/ centered on the coordinates of the Phoenix dwarf galaxy. This corresponds to an extinction in V AV = 0.05 mag and in I band AI = 0.024 (Cardelli et al. 1989 ), yielding a dereddened magnitude for the RGB Tip IRGBT0 ∼ 19.06.
As We refer the reader to Holtzman et al. (2000) for a detailed discussion of the various features. Since we will use stars in different evolutionary stages to analyze how the stellar population mix varies throughout the galaxy, here we focus on how the features present in Phoenix CMD can be used as indicators of different age ranges. In evaluating the age range dominant for stars in a certain evolutionary phase we can use the information on the Phoenix SFH and chemical enrichment history derived by H09, i.e. that stars older than 6 Gyr have Z between 0.0002 and 0.0004, while the stars younger than 2 Gyr have Z between 0.001 and 0.002.
From stellar evolutionary models is known that HB will contain stars predominantly >10 Gyr old (ancient), while the RGB stars will sample the whole stellar population mix, with the exception of the stars younger than about 1 Gyr. The younger end of the age distribution can be explored using the BL and MS stars: the MS stars above the V10 , I10 Here we do not include pointing 17, which was observed at a displaced location from the galaxy for checks on the foreground/background density. The dashed lines indicate the levels of S/N= 5 and 10 in both bands. The error-bars on the right indicate the typical magnitude and color error per magnitude bins of 0.1 mag, and they are derived from the magnitude differences of the stars with double measurements (see Fig. 3 ). In the left panel we show the selection boxes for stars in different evolutionary phases, as indicated by the labels (see text).
limit, selected as in 8, are consistent with ages between 0.1-0.5 Gyr, while the selected BL stars are sampling slightly older stars, mainly 0.5-1 Gyr old.
The RC contains 1-10 Gyr old stars, in a proportion changing with the SFH and metallicity of the stellar population. Using the predictions on the magnitude of RC stars from Girardi & Salaris (2001) one can see that for the rather narrow and metal-poor metallicity range of stars in Phoenix, both the V and I magnitude can act as age indicators. Therefore we split the RC stars in magnitude bins of V = 23. 2-23.4, 23.4-23.6, 23.6-23 .8 as indicators of age ranges 2-5 Gyr, 5-8 Gyr and 8-12 Gyr, respectively. The mean magnitude of the RC (derived in Sect. 5.1.1) indicates that this feature is dominated by 5-8 Gyr old stars.
Bump on the RGB
A bump is visible along the RGB and above the RC, both in the CMDs in Fig. 8 and in the LF (see Fig. 7, right) . In order to understand whether this bump can be classified as an AGB or RGB bump, we derive its mean V and I magnitudes and compare them to the predictions from stellar evolutionary models.
The I-band LF locally around the RC can be well fit with a combination of a polynomial (for the RGB) and a Gaussian function for the RC stars (Stanek & Garnavich 1998) . To this function we add another Gaussian in order to fit the bump present at brighter magnitude than the RC:
where IRC, I bump are the mean magnitude of the RC and bump, respectively, and σRC, σ bump the dispersion. We fit Eq. (4) to the LF between 19 < I < 23.5 in bins of 0.07 mag in a range of color broadly covering the RC, i.e. 0.7 -1.2 (see Fig. 7, right) . This gives IRC = 22.7 and σI,RC = 0.26 mag for the RC and I bump = 21.90 with σ I,bump = 0.044±0.02 mag for the bump. We also fit a similar function to the LF in V band over the same colour range and 20 < V < 24.5; overall, such function gives a good representation of the data and yields VRC = 23.54 with a dispersion of σV,RC = 0.22 mag, and V bump = 22.82 with σ V,bump = 0.13 mag. However, since the bump feature does not seem particularly well described by a Gaussian in the V band, we also derive the V bump from the observed I bump by fitting the color distribution of the stars in the range 0.8 < V-I < 1.1 with a Gaussian. This yields a (V − I) bump = 0.95, resulting in V bump = 22.85, in good agreement with our other determination.
Using the distance modulus, the extinction and reddening values in Table 1 , these would result in absolute magnitudes MV,RC = +0.43,MI,RC = −0.38, M V,bump = −0.26 and M I,bump = −1.18. The de-reddened color is (V − I) bump,0 = 0.92
We examine the predicted dependency of the RGB and AGB bump magnitude and color as a function of age and metallicity, over the range 1 age [Gyr] 12 and 0.0001 Z 0.02, in Fig. A1 (top and bottom panels, respectively). For this, we use Padua isochrones (Girardi et al. 2000; Marigo et al. 2008) , in which the onset and end of the various stellar evolutionary phases are conveniently indicated 9 . We remind the reader that the SFH and chemical enrichment history derived by H09 for Phoenix show that the stars older than 6 Gyr have Z between 0.0002 and 0.0004, while the stars younger than 2 Gyr old have Z between 0.001 and 0.002. Using these isochrones, we find that the magnitudes of the detected feature are not compatible with those of an AGB bump for the range of metallicities of stars in Phoenix and are instead fully compatible the magnitudes and color of a RGB bump for stars with metallicity Z between 0.001 and 0.0001 (see Fig. A1 ).
Since the work of H09 was carried out using Basti 9 http://stev.oapd.inaf.it/cgi-bin/cmd webpage isochrones (Pietrinferni et al. 2004 (Pietrinferni et al. , 2006 and given that different sets of isochrones do not always predict similar magnitudes/colors for stars in the same evolutionary phase (e.g. Gallart et al. 2005) , we verified if the same conclusion would be reached using Basti isochrones. In this case, there is still very good agreement between the observed bump magnitudes and colors and those predicted for an RGB bump in the metallicity range appropriate for Phoenix stars, but there is also a marginal consistency with the values predicted for an AGB bump. We then examine the LFs derived for single stellar populations of ages 3-5-8-10 Gyr and Z=0.0001-0.001-0.01 using the online tool on the Basti website, and we see that the RGB bump is always more populated than the AGB bump for the metallicities of Phoenix stars. Since in our data we are able to detect only 1 such clump, then this is most likely to be the most populated of the two, i.e. the RGB bump. Overall, then, the two sets of isochrones provide the same conclusion.
The RGB bump stars sample the intermediate and old age populations. For the same age and metallicities the AGB bump is expected at similar color, but about 0.5 mag brighter in the V-band than the RGB bump; within our dataset, however, we do not detect any evident feature at that magnitude.
RGB bumps have been detected in many LG dwarf galaxies, both in dSphs, dIrrs and dTs (see Monelli et al. 2010 , and references therein); this is the first detection of the RGB bump in the Phoenix dwarf galaxy.
Spatial distribution of stellar populations
A view of how the stellar population mix changes across the galaxy can already be gleaned by examining the CMD at different distances from the center. In Figure 9 we plot CMDs in bins of projected elliptical radius: R < 2 ′ , 2
′ . These CMDs are normalized to have the same number of stars, specifically the number of stars above the V5, I5 limit of the least populated spatial bin (4 ′ < R < 10 ′ ). For comparison, the CMD at R > 10 ′ in the figure shows where the foreground stars and unresolved background galaxies should be located. The young MS and BL stars practically disappear at R < 4 ′ ; the HB (>10 Gyr old) becomes much more enhanced going from the inner to the outer parts, and the RC becomes less extended in magnitude, indicating a decrease in the age range of stars in the stellar population mix; the latter is also confirmed by the tendency of the mean magnitude of RC stars in the various distance bins to become fainter at larger distances from the center, i.e. IRC = 22. 65, 22.75, 22.86 and VRC = 23.49, 23.60, 23 .53 for R < 2 ′ , 2 ′ < R < 4 ′ , 4 ′ < R < 10 ′ , respectively. Figure 10 shows the spatial distribution of stars sampling the different age ranges described in Sect. 5.1, i.e. MS, BL, RC in bins of V magnitude 23.2-23.4 (RC1), 23.4-23.6 (RC2), 23.6-23.8 (RC3), and RHB stars 10 . We carried out a decontamination from foreground stars and background galaxies in each of these plots by calculating the predicted number of contaminants on the area of the mosaic using the Figure 9 . Colour-magnitude diagram for the objects classified as stellar in the Phoenix dwarf galaxy at different elliptical projected radii, R < 2 ′ , 2 ′ < R < 4 ′ , 4 ′ < R < 10 ′ , R > 10 ′ and in the pointing displaced from the region of the mosaic (see labels). To allow for a meaningful comparison of the relative strenght of the various features in the CMD, the number of stars in the first 3 panels is normalized, so that they contain the same number of stars above the S/N=5 magnitude limit. In the last two panels, whose purpose is only to show where the foreground stars and unresolved galaxies are located on the CMD, we do not apply any normalization and show all the stars present. The dashed lines indicates the S/N= 5 and 10 limits. The squares with error-bars indicate the typical magnitude and color error per magnitude bins of 0.1 mag. BASTI isochrones (Pietrinferni et al. 2006 ) are overlaid on the CMD (red: 12 Gyr, alpha-enhanced, Z = 3 × 10 −4 ; blue: 8 Gyr, solar alpha, Z = 6 × 10 −4 ; the other isochrones have Z = 1 × 10 −3 and ages = 0.1,0.3,0.5,0.7,1.0 Gyr from left to right). The crosses on the panel R > 10 ′ show the location and amount of Milky Way foreground stars as predicted by the Besançon model (Robin et al. 2003) onto the line-of-sight of Phoenix over an area corresponding to the elliptical annuli 10 ′ < R < 13 ′ , convolved with the observational errors in mag and color; the remaining objects show the location occupied by unresolved background galaxies within the observed CMDs. , and RHB stars as indicated by the labels and boxes in Fig. 8 . The various populations have been extracted from the S/N>10 sample. A decontamination has been carried out, using the contaminant density derived as a weighted mean of the outer points of the surface density profile (except for the MS stars for which we used the contaminant density derived from the objects at R > 12.6 ′ ). The ellipse shows the measurement of the nominal tidal radius derived in this work. A red cross is placed at the coordinates of Phoenix optical center to guide the eye. North is up and East is on the left. contaminant density derived from method a) applied to all these individual stellar populations, except for the MS stars to which we applied method b) because of their asymmetric distribution clearly different from the rest of the population (see the figure) ; in practise, the number of contaminants was randomly removed from the objects falling in a specific selection box, taking care of the fact that the density of contaminants is mostly expected to be uniform over such a small area.
It is directly visible from Figure 10 that the younger the stellar population, the more centrally concentrated is its spatial distribution. This is particularly evident for the youngest stars, the MS and the BL, which also show a less extended distribution with respect to the rest. This would be consistent with the star formation region shrinking with time, with recent star formation having occurred in the innermost regions where the gas density would have still been high enough to sustain it (see also H09).
Such spatial variations of the stellar population mix had also been observed in previous studies using shallower and/or less spatially extended data (e.g. MD99, Held et al. 1999, H09) . The depth and spatial extent of our data allows us to perform a more accurate analysis than previous studies and quantify the variations in the spatial distribution of stars by deriving a surface number density profile for each population covering a different evolutionary stage (except for the flattened, asymmetric MS stars). The methodology and the functional forms fitted to the observed profiles are as described in Sect. 3.2. The best-fitting parameters (see Table 7 ) show that the variations among the spatial distribution of the various stellar populations appear smooth, slowly and steadily going from more concentrated distributions from the youngest populations to more extended for the oldest. We checked that using the contaminant density derived from method b) to all stellar populations would bring negligible changes to the resulting spatial distributions, surface brightness profiles and resulting best-fit parameters (as in the case of the overall stellar population, the reduced χ 2 values of the best-fitting profiles are larger when using method b) than method a) ). Also, the determination of the outer points over which we calculate the density of contaminants was adjusted by identifying where the surface number profile was becoming approximately flat; we checked that the choice of this region did not influence the results.
As noted in previous works (e.g. MD99), the MS stars, those approximately younger than 0.7 Gyr, have a flattened distribution, almost perpendicular to the other stellar components. There appears to be two main clumps of young MS stars. Some clumping is also present in the distribution of the other young stars -the BL and the RC1 that represent the stars with ages mostly between 2-5 Gyr -, which both show a (rather spherical) concentration of stars displaced from the center, towards the South-East at rectangular coordinates (+0.5,-0.5); this is the direction of the coordinates we find for the position of the center in the inner 2 ′ in Fig. 5 . Such displaced concentration disappears when moving to older ages, where the distribution becomes more regular. It can be noted that the populations on average older than 2 Gyr have a regular, spheroidal appearance and do not display a disk-like distribution as the young MS stars. Therefore the overall configuration of Phoenix does not resemble a diskhalo like larger spiral galaxies such as the MW: in the MW the disk contains stars of all ages (from young to ancient) while the halo is formed solely of ancient stars; this is different from the situation in Phoenix, where the disk-like feature is composed only of young stars, while the spheroidal part of the galaxy contains stars from intermediate to ancient ages.
We can speculate that the flattened, asymmetric distribution of the young MS stars still retains the imprint of where the recent star formation took place, and therefore of where the gas was recently located. This appears also to be still imprinted in the distribution of slightly older stars, such as the BL and the RC1, in the form of the clump displaced from the center. However, being slightly older than the MS, these BL and RC1 stars would have had more time to become sensitive to the overall potential of the galaxy, and for their spatial distribution to become smoother.
DISCUSSION
• Spatial variations of the stellar population mix: The spatial distribution of the stars changes with radius and becomes less and less centrally concentrated the older the stellar population. This is reflected in the values of the best-fitting parameters of the surface number profiles of the different stellar populations that steadily go from a more concentrated to less concentrated distribution with increasing ages.
Similar variations in the stellar population mix appear to be a common characteristic of LG dwarf galaxies (see e.g. Harbeck et al. 2001; Tolstoy et al. 2004; Battaglia et al. 2006; Bernard et al. 2008; Monelli et al. 2012) , with the star formation proceeding longer in the central regions. There are a number of mechanisms that could cause this: a natural evolution of the gas, for example progressively sinking in the center in absence of rotation (e.g. Stinson et al. 2009; Schroyen et al. 2011) or reaching higher densities in the center and therefore continuing star formation for longer. Another explanation could be ejection of the ISM because of supernovae explosions being more efficient in the outer parts; removal of the gas from ram pressure/tidal stripping (e.g. Mayer et al. 2006) . Stinson et al. (2009) show that age gradients of this type can arise in model isolated galaxies of low mass (with virial velocities 20 km s −1 ) without any need for external factors, because these systems do not form stable star forming discs, as the gas is mostly supported by pressure rather than angular momentum. Star formation rate is initially high in the center, because of the larger densities of the gas, and while the gas is consumed, the disc contracts until pressure support is re-established. Further shrinking may be due to a lower turbulence velocity due to the decline in SFR in the center, which mantains high gas densities in the centre but not in the outer regions, resulting in star formation that is systematically less radially extended as time goes on.
It appears that whatever the mechanism is that creates evident variations in the stellar population mix, it can act on very different timescales from galaxy to galaxy. The Sculptor dSph, which predominantly consists of stars older than 10 Gyr (e.g. de Boer et al. 2012), clearly displays this feature already in its ancient population (Tolstoy et al. 2004; de Boer et al. 2012 ). In the Fornax dSph instead there is no detected spatial variation in the mix of the ancient popula-tion, while these changes are clear when comparing ancient, intermediate age and young stars (e.g. Stetson et al. 1998; Battaglia et al. 2006) . Phoenix in this respect is similar to Fornax. Such spatial variations between populations of different ages could be expected if they are due to environmental effects: more isolated objects and satellites with less internal/eccentric orbits around the host galaxy would be less affected and star formation could proceed longer in the outer parts; this would be consistent with what is presently known about the orbits of Sculptor and Fornax, bar the large error-bars in the proper motions values. At present there are no determinations of the proper motion of Phoenix; assuming a radial orbit for this object, its systemic velocity (e.g. Irwin & Tolstoy 2002) referred to the Galactic Rest Frame (vsys,GSR ∼ −100 km s −1 ) would yield an r × v 2 about 1.5 times lower than for Leo I, which is considered as a satellite of the Milky Way: in principle Phoenix could therefore still be a Milky Way satellite falling back.
In order to disentangle environmental effects from internal ones, it would be instructive to quantify the differences in the distribution of stellar populations of various ages in a sample of LG dwarf galaxies. The isolated objects would give insights on the extent to which internal mechanisms can be responsible for the variations in the stellar population mix. It would be also instructive to compare systems with similar SFHs: for example Sculptor, Tucana and Cetus are all dSphs which produced most of their stars very early on, but while the former is a MW satellite, the other two are found far from the MW and M31. There are indications that also among the ancient stars in Tucana and Cetus, the older/metal-poor ones have a more extended spatial distribution than the younger/metal-rich (Harbeck et al. 2001; Bernard et al. 2008; Monelli et al. 2012) ; it remains to be quantified how these differences in the distribution of the ancient stars compare between isolated and non-isolated dwarf galaxies.
• Spatial distribution of young stars: The stars younger than 0.7 Gyr display a clearly different spatial distribution than the rest of the population: not only they virtually disappear at distances larger than 4 ′ from the center, but they are almost perpendicular to the bulk of the other stars, and the distribution is asymmetric and more flattened. This was already noted by VDK91 and MD99. By separating the sample in age bins, we also see that some asymmetries in the form of clumps are visible in the spatial distribution of BL stars and the younger RC stars, while stars older than about 5 Gyr display regular spatial distributions.
We can speculate that the flattened, asymmetric distribution of the young MS stars still retains the imprint of where recent star formation took place, and therefore of where the gas was recently located. This appears also to be still imprinted in the distribution of the BL and young RC stars; however, since these stars are older than the young MS stars, they have had more time to diffuse to larger distance and to become more sensitive to the overall potential of the galaxy, resulting in a smoother distribution. Following this reasoning, it is likely that in a few 100s Myr also the young MS stars will diffuse to larger distances and acquire a more regular morphology, similar to the one of the main body of the galaxy. At that stage, Phoenix would probably look like a typical dSph, if it also were to lose its H I gas or exhaust it in further star formation.
In the models of Stinson et al. (2009) for low mass objects, although the majority of stars form systematically more inwards the more time passes, some amount of radial migration is also present, which goes in the direction of pushing stars to larger radii with respect to their birth site, qualitatively consistent with what we see here for the youngest stars.
We point out that a feature such as the one seen here -an inner flattened component containing young stars and tilted with respect to the main body of the galaxy -is also present in other LG dwarfs such as the Leo A dIrr (e.g. see Fig. 1 in Cole et al. 2007 ) and the closer by Fornax dSph, a MW satellite. With respect to the majority of MW dSphs, Fornax has had a much more extended SFH and is the only one to show stars possibly as young as 50 Myr (Coleman & de Jong 2008) . Also in this galaxy the young MS stars show a flattened distribution, tilted with respect to the main stellar population, while the slightly older BL stars have a less asymmetric and flattened distribution and appear to have diffused to larger distances. In this case, the tilting of the young stars is less enhanced, being approximately 40
• (e.g. Stetson et al. 1998) . It is unclear what would cause the tilting of the youngest stars with respect to the bulk of the stellar population. Such a behaviour has not been reported for more massive, clearly rotating systems, such as for example the WLM dIrr (Leaman et al. 2012) , where the young stars would be aligned and concentric with the distribution of older stars and the gas. This may indicate an influence of the total mass of the galaxy in determining its intrinsic angular momentum, and consequently the resulting distribution of its stellar populations: we speculate that, in less massive systems, the low amount of angular momentum would permit a disordered configuration of the gas, and therefore of the stars young enough not to have become sensitive to the overall potential of the galaxy. In apparent contradiction to that, in NGC 6822, a dIrr with a luminosity similar to WLM, the spatial distribution of the young stars and the old RGB stars are almost perpendicular to each other, with the young stars following the HI disk (e.g. Demers et al. 2006) ; in this case however the picture is complicated by the complex disk structure (Cannon et al. 2012 ) and the classification of NGC 6822 as a polar ring galaxy (e.g. Demers et al. 2006) .
• Disk-halo appearance: Previous works (e.g. MD99) showed that the central parts of Phoenix display an inner component that is tilted with respect to the main body of the galaxy and that morphologically resembles a disk -while the main body has a spheroidal distribution. The question was raised whether Phoenix may have a disk-halo structure similar to that of large spirals galaxies, such as the MW.
We can comment on this issue simply making some consideration on the age of stars found in the "disk" and "halo" of Phoenix.
In this work we showed that in Phoenix only young stars are responsible for the elongated central structure that morphologically resembles a disk, while such structure is absent for stars older than 2 Gyr, which display a rather regular spheroidal morphology. Therefore only stars younger than 1 Gyr are found in the "disk", while both intermediate age and ancient stars are found in the "halo". This is clearly different to what is observed for the MW, where the disk is known to contain stars of all ages while the halo consists of ancient stars; therefore the structure we see in Phoenix is not analogous to what found for the MW and M31.
This result is also difficult to reconcile with the properties of stellar haloes formed in a ΛCDM context. Stellar haloes formed from disrupted satellite galaxies are a natural consequence of the hierarchical formation of galaxies in a ΛCDM framework and, for large spirals, the average age of stars in the stellar haloes is expected to be around 11 Gyr (Cooper et al. 2010) , with essentially no stars younger than 5 Gyr, from mainly a few satellites accreted between redshift 1 and 3. Since in this context dwarf galaxies are expected to be among the first galactic systems to form, their stellar haloes should arguably have formed at earlier times than for large spirals, and from smaller progenitors, and should therefore contain only ancient stars.
SUMMARY AND CONCLUSIONS
We presented results from wide-area photometry in V and I band from VLT/FORS for Phoenix, one of the few transition type dwarf galaxies of the LG. The data consist of a mosaic of images covering 26 ′ × 26 ′ around the optical center of the galaxy and reaching below the horizontal branch of the system: this is the only data-set for this galaxy that combines relatively deep photometry with such a large spatial coverage. For comparison with previous studies, we can trace Phoenix stellar population out to projected radii of 1.5 kpc from its center, while the study of H09 reached out to 0.5kpc.
One output of the analysis is the re-determination of the overall structure of the system and especially of a determination of its extent, that was very uncertain in the literature. We derived a nominal tidal radius of rt = 10.56 ′ ± 0.15 ′ , about 60% the value determined by MD99. The best-fitting profile to the overall stellar population of Phoenix is a Sersic profile of Sersic radius RS = 1.82 ′ ±0.06 ′ and m =0.83±0.03. The distance of Phoenix has been derived independently from our dataset using the RGB tip method, and it is in agreement with previous distance determinations from H09 and M99. Examination of the CMD and LF revealed the presence of a bump above the red clump, consistent with being a RGB bump. This is the first detection of this feature in Phoenix.
The depth of the photometry allows to study stars in different evolutionary phases, with ages ranging from about 0.1 Gyr to the oldest ages as they can be identified from features in the CMD. This, combined to the large area covered, enabled us to explore in a very direct way how the stellar population mix varies across the face of the galaxy.
The spatial distribution of the stars changes with radius and becomes less and less centrally concentrated the older the stellar population. This is reflected in the values of the best-fitting parameters of the surface number profiles of the different stellar populations that we provide.
As also found in previous studies, Phoenix displays in the inner regions a flattened structure, almost perpendicular to the main body of the galaxy. This feature was suggestive of a disk-halo structure and was raising the question whether also Phoenix could consist of a a disk-halo system such as the one found in the Milky Way. We showed that the flattened, tilted structure appears to be present mainly among stars younger than 1 Gyr, and absent for the stars 5 Gyr old, which on the other hand show a regular distribution also in the center of the galaxy. This argues against a disk-halo structure of the type found in large spirals such as the Milky Way. Figure A1 . For this figure we used solar-scaled Padua isochrones (Marigo et al. 2008 ) spanning an age range from 2 to 13 Gyr, Z=0.0001-0.02. Top: The symbols connected by vertical lines show the luminosity interval of RGB stars crossing the discontinuity in chemical profile left by the first dredge-up event. This interval corresponds to the bump in the luminosity function along the RGB. Bottom: as before but this interval corresponds to the clump of early-AGB stars in colour-magnitude diagrams, therefore the AGB bump. From left to right we show how the V mag, I mag and V-I vary as a function of age in Gyr for isochrones of different metallicities.
